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Quantum entanglement plays a central role in many areas of physics, from quantum information science to
many-body systems. In order to grasp the essence of this phenomenon, it is fundamental to understand how
different manifestations of entanglement relate to each other. In 1999, Peres conjectured that Bell nonlocality
is equivalent to distillability of entanglement. The intuition of Peres was that the non-classicality of an entan-
gled state, as witnessed via Bell inequality violation, implies that pure entanglement can be distilled from this
state, hence making it useful for most quantum information protocols. Subsequently, the Peres conjecture was
shown to hold true in several specific cases, and became a central open question in quantum information the-
ory. Here we disprove the Peres conjecture by showing that an undistillable bipartite entangled state—a bound
entangled state—can nevertheless violate a Bell inequality. This shows that Bell nonlocality implies neither en-
tanglement distillability, nor non-positivity under partial transposition, thus clarifying the relation between three
fundamental aspects of entanglement. Finally, our results lead to a novel application of bound entanglement for
device-independent randomness certification.
INTRODUCTION
The predictions of quantum theory are incompatible with
any physical model that satisfies a natural principle of lo-
cality, as shown by Bell [1, 2]. Specifically, the correla-
tions obtained by performing local measurements on an en-
tangled quantum state violate an inequality, Bell’s inequal-
ity, which is satisfied by all local correlations. Understand-
ing the link between entanglement and Bell nonlocality is a
longstanding and challenging problem [2, 3]. While the ob-
servation of Bell inequality violation implies the presence
of entanglement, it is still not known whether all entangled
states can lead to Bell inequality violation.
While nonlocality turns out to be a generic feature of all
entangled pure states [4, 5], the situation is however much
more complex for mixed states. There exist mixed entan-
gled states which are local, as they admit a local hidden
variable model [6], even for the most general type of non-
sequential measurements [7]. Nevertheless, it turns out that
certain local entangled states can violate a Bell inequal-
ity when a more general scenario is considered. If pre-
processing by local operations and classical communication
(LOCC) is performed prior to the local measurements, the
’hidden nonlocality’ of some local entangled states can be
revealed [8–10]. Alternatively, when several copies of the
state can be jointly measured in each run of the Bell test,
nonlocality can be super-activated [11, 12]. Finally, the
nonlocality of certain local entangled states can be revealed
by placing several copies of the state in a quantum networks
[13, 14].
In the most general case, an arbitrary number of copies of
the state can be pre-processed by LOCC operations before
performing the Bell test. Hence the problem becomes inti-
mately related to entanglement distillation [15]. A bipartite
entangled state is said to be distillable if, from an arbitrary
number of copies, it is possible to extract pure entanglement
by LOCC [16]. It thus follows that any entangled state that
is distillable can lead to Bell inequality violation.
There exist however entangled states which are not distil-
lable, so-called ’bound entangled’ states [17], shown to be
relevant for instance in quantum many-body systems [18–
20]. Hence the phenomenon of entanglement displays a
form of irreversibility. On the one hand, entanglement is
required to produce a bound entangled state, i.e. the state
cannot be produced via LOCC. On the other hand, no pure
entanglement can ever be extracted from a bound entan-
gled state by LOCC. This leads naturally to the question
of whether bound entangled states can also violate a Bell
inequality. In 1999, Peres [21] first discussed this problem
and conjectured that bound entanglement can never lead to
Bell inequality violation. Originally, the conjecture was
formulated using the notion of partial transposition [22],
one of the most useful tools for characterizing entangle-
ment [23], directly related to symmetry under time rever-
sal and to distillability of entanglement [17]. Specifically,
Peres suggested that entangled quantum states with positive
partial transpose (PPT) [22], and hence no distillable en-
tanglement, can never give rise to nonlocality. An alterna-
tive formulation of the conjecture is that any entangled state
that leads to Bell inequality violation must be non-positive
under partial transposition (NPT). Peres’ intuition was that
distillability of entanglement is equivalent to nonlocality,
that is, the violation of a Bell inequality by measurements
on a quantum state necessarily implies that some pure en-
tanglement can be distilled out of this state.
In recent years, an intense research effort has been de-
voted to this problem. Several works provided evidence in
favor of the Peres conjecture, showing that the violation of
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FIG. 1: Relation between different fundamental manifesta-
tions of quantum entanglement. Bell nonlocality, non-positivity
under partial transposition, and entanglement distillability repre-
sent three facets of the phenomenon of entanglement. Understand-
ing the connection between these concepts is a longstanding prob-
lem. It is well-known that entanglement distillability implies both
nonlocality [26] and non-positive partial transpose [17]. Peres [21]
conjectured that nonlocality implies non-positivity under partial
transposition and entanglement distillability; hence represented by
the dashed arrows. The main result of the present work is to show
that this conjecture is false, as indicated by the red crosses. To
complete the diagram, it remains to be seen whether negative par-
tial transpose implies distillability, one of the most important open
questions in entanglement theory [36, 37]. If this conjecture turns
out to be false, it would remain to be seen whether non-positive
partial transpose implies Bell nonlocality.
important classes of Bell inequalities implies distillability
[25, 26] and negativity under partial transposition [24, 27].
On the other hand, weaker versions of the conjecture were
disproven, in the multipartite case [28–30], and more re-
cently considering the notion of quantum steering [31–33].
However, Peres’ original conjecture remained open, and has
become known as one of the main conjectures in quantum
information theory. Solving this problem is thus an impor-
tant challenge as it would lead to a deeper understanding of
how different manifestations of the phenomenon of entan-
glement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality. This shows that Bell nonlocality is funda-
mentally different from both entanglement distillability and
non-positivity under partial transposition. Finally, we show
that bound entanglement can be useful in nonlocality-based
quantum information protocols, in particular for device-
independent randomness certification [34, 35].
RESULTS
Bound entangled state. We start by constructing the
bound entangled state, and will later show that it violates
a simple Bell inequality. We consider a state of two qutrits,
i.e. of local Hilbert space dimension d = 3. Note that there
are no PPT entangled states for qubit-qubit and qubit-qutrit
systems [23]. Specifically, we consider an entangled state
of the form
% =
4∑
i=1
λi|ψi〉〈ψi|. (1)
The eigenvalues are λ =
(
3257
6884 ,
450
1721 ,
450
1721 ,
27
6884
)
, and the
eigenvectors |ψi〉 ∈ C 3 ⊗ C 3 are given by
|ψ1〉 = 1√
2
(|00〉+ |11〉)
|ψ2〉 = a
12
(|01〉+ |10〉) + 1
60
|02〉 − 3
10
|21〉 (2)
|ψ3〉 = a
12
(|00〉 − |11〉) + 1
60
|12〉+ 3
10
|20〉
|ψ4〉 = 1√
3
(−|01〉+ |10〉+ |22〉) ,
where a =
√
131
2 . The state % is part of a family of states
recently discussed in [31]. Importantly the above choice
of eigenvalues and eigenvectors ensures that the state %
is invariant under the partial transposition map [22], i.e.
PT(%) = (1 ⊗ TB)(%) = ρ, where TB denotes the trans-
position operation on the second subsystem. This ensures
that the state % is PPT, i.e. PT(%)  0, and therefore undis-
tillable [17].
Bell inequality violation. Nevertheless, the state % is en-
tangled, hence bound entangled, as it can lead to Bell in-
equality violation. To prove this, we consider a Bell test
with two distant observers, Alice and Bob. Alice chooses
between three measurement settings, x ∈ {0, 1, 2}, and
Bob among two settings, y ∈ {0, 1}. Alice’s settings yield
a binary outcome, a ∈ {0, 1}. Bob’s first setting (y = 0)
has a ternary outcome, b ∈ {0, 1, 2}, and his second set-
ting (y = 1) is binary, b ∈ {0, 1}. The experiment is thus
characterized by the joint probability distribution p(ab|xy).
These statistics can be reproduced by a local model if they
admit a decomposition of the form:
p(ab|xy) =
∫
dλµ(λ)p(a|xλ)p(b|yλ) (3)
where λ represents the shared local variable distributed ac-
cording to the density µ(λ). For the Bell test considered
here, all statistics of the above form satisfy the Bell inequal-
3ity [38]:
I = −pA(0|2)− 2pB(0|1)− p(01|00)− p(00|10)
+p(00|20) + p(01|20) + p(00|01) (4)
+p(00|11) + p(00|21) ≤ 0,
where pA(a|x) and pB(b|y) denote Alice’s and Bob’s
marginal distributions. Hence a violation of the above in-
equality, i.e. I > 0, implies the presence of nonlocality.
In particular, this can be achieved by performing judi-
ciously chosen local measurements on the bound entangled
state %. The local measurement operators, acting on C 3, are
denoted Ma|x for Alice and Mb|y for Bob. The measure-
ment operators of Alice are rank-1 real-valued projectors
M0|x = |Ax〉〈Ax|, with
|A0〉 = −p|0〉+
√
3p|1〉+
√
1− 4p2|2〉
|A1〉 = 2p|0〉+
√
1− 4p2|2〉 (5)
|A2〉 = −p|0〉 −
√
3p|1〉+
√
1− 4p2|2〉
where p = 1/5. We have that M1|x = 1 −M0|x, where
1 denotes the identity operator in C 3. Bob’s first measure-
ment is given by Mb|0 = |Bb0〉〈Bb0| (for b = 0, 1) by
|B00〉 =
√
2
3
|1〉+ 1√
3
|2〉
|B10〉 = −
1√
2
|0〉 − 1√
6
|1〉+ 1√
3
|2〉 (6)
and M2|0 = 1 −M0|0 −M1|0. For Bob’s second setting,
we takeM0|1 = |2〉〈2| andM1|1 = 1−M0|1. The resulting
statistics is given by the probability distribution
p(ab|xy) = Tr(%Ma|x ⊗Mb|y). (7)
These statistics do not admit a decomposition of the form
(3), as they lead to a violation of the Bell inequality (4),
given analytically by
I% =
−3386 + 18√42− 5√131 + 45√5502
43025
(8)
' 2.63144× 10−4.
This proves that a bipartite bound entangled state can give
rise to nonlocality, thus disproving the Peres conjecture (see
Fig. 2).
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[40], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526×
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FIG. 1: Relation between different fundamental manifesta-
tions of quantum entanglement. Bell nonlocality, negativity un-
der partial transposition, and entanglement distillability represent
three facets of the phenomenon of entanglement. Understanding
the connection between these concepts is a longstanding problem.
It is well-known that entanglement distillability implies both non-
locality [9] and negativity under partial transposition [11]. Peres
[2] conjectured that nonlocality implies negativity under partial
transpose and entanglement distillability; hence represented by the
dashed arrows. The main result of the present work is to show that
this conjecture is false, as indicated by the red crosses. To com-
plete the diagram, it remains to be seen whether negativity of par-
tial transpose implies distillability, one the most important open
questions in entanglement theory. If this conjecture turns out to be
false, it would remain to be seen whether negativity under partial
transposition implies Bell nonlocality.
tures in quantum information theory. Solving this problem
is thus an important challenge as it would lead to a deeper
understanding of how different manifestations of the phe-
nomenon of entanglement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space dimen ion d = 3. The eigenvalues  i
and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are chosen such that the state % is invariant
under the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes the transposition operation
on the second subsystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, and therefore undistillable [11].
Nevertheless, the state % is entangled, hence bound en-
tangled, as it can lead to Bell inequality violation. To
prove this, we consider a Bell test with two distant ob-
servers, Alice and Bob. Alice chooses between three mea-
surement settings, x 2 {0, 1, 2}, and Bob among two set-
tings, y 2 {0, 1}. Alice’s settings yield a binary outcome,
a 2 {0, 1}. Bob’s first setting (y = 0) has a ternary out-
come, b 2 {0, 1, 2}, and his second setting (y = 1) has is
binary, b 2 {0, 1}. The experiment is thus characterized by
the joint probability distribution p(ab|xy). These statistics
can be reproduced by a local model if they admit a decom-
position of the form:
p(ab|xy) =
Z
d µ( )p(a|x )p(b|y ) (2)
where   represents the shared local variable distributed ac-
cording to the density µ( ). For the Bell test considered
here, all statistics of the above form satisfy the Bell inequal-
ity [27]:
I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Hence a violation of the above inequality, i.e. I > 0, im-
plies the presence of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound entangled state can give rise to nonlocality,
and thus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
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the joint probability distribution p(ab|xy). These statistics
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Z
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plies the presence of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound entangled state can give rise to nonlocality,
and thus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
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bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
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+p(00|11) + p(00|21)  0.
Hence a violation of the above inequality, i.e. I > 0, im-
plies the presence of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
se statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Meth ds section. This proves that a
bipartite bound entangl d state can g ve rise to nonlocality,
and thus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based n semi-definite programming (SDP)
[29], briefly utlin d in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell v olations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is ere found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
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It i w ll-k own that entanglement distillability implies both non-
locality [9] and negativity under partial transposition [11]. Peres
[2] conjectured that nonlocality implies negativity under partial
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dashed arrows. The main result of the present work is to show that
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plete the diagram, it remains to be seen whether negativity of par-
tial transpose implies distillability, one the most important open
questions in enta glement theory. If this conjecture turns out to be
false, it ould remain to be seen whether negativity under p rtial
transposition implies Bell nonlocality.
tures i quantum inf rmati n theory. S lving this problem
is thus an important challenge as i would l ad to a deeper
understanding of how di ferent manifestations of the phe-
nomenon of entanglem nt relat to each other (see Fig.1).
Here, we disprove the original Per s conj re. Specif-
ically, we resent a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
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i=1
 i| iih i| (1)
of local Hilbert space dimension d = 3. The eigenvalues  i
and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are chosen such that the state % is invariant
under the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes the transposition operation
on the second subsystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, and ther fore undistillable [11].
Nevertheless, the state % is entangled, hence bound en-
tangled, as it can lead to Bell inequality violation. To
prove this, we consider a Bell test with two distant ob-
servers, Alice and Bob. Alice chooses between three mea-
urement settings, x 2 {0, 1, 2}, and Bob among two set-
tings, y 2 {0, 1}. Alice’s settings yield a binary outcome,
a 2 {0, 1}. Bob’s first setting (y = 0) has a ternary out-
come, b 2 {0, 1, 2}, and his second setting (y = 1) has is
binary, b 2 {0, 1}. The experiment is thus characterized by
the joint probability distribution p(ab|xy). These statistics
can be reproduced by a local model if they admit a decom-
position of the form:
p(ab|xy) =
Z
d µ( )p(a|x )p(b|y ) (2)
where   represents the shared local variable distributed ac-
cording to the density µ( ). For the Bell test considered
here, all statistics of the above form satisfy the Bell inequal-
ity [27]:
I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Hence a violation of the above inequality, i.e. I > 0, im-
plies the presence of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These st tistics do no adm t a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound entangled state can give rise to nonlocality,
and thus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
2
Bell"Nonl cality" Nega&ve"Par&al"
Transpose""
Entangl ment"
Dis&ll bility"
?"
?"
FIG. 1: Relation betw en differen fundamental manifesta-
tio s of quantum ent ng em t. Bell nonlocality, negativity un-
der partial transposit on, and entanglement distillability represent
three facets of the phen menon of entanglement. Understanding
the conne tion between th se conc pts is a longstandi g problem.
It is well-known that ent nglement distilla ili y implies both non-
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fals , it would remain to be seen whether negativity under partial
transposition implies Bell nonlocality.
tures in qu ntum information theory. Solving this problem
is thus an important ch lleng as it would l ad to a deep r
understanding of how different manifestations of the phe-
no enon o entanglement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartit entangled st te which is PPT,
he ce bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
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and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
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c e, b 2 {0, 1, 2}, and his second setting (y = 1) has is
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ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves hat a
bipartite bound entangled stat c give rise to nonlocality,
and hus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlin d in th Method section. The construc-
tion escribed above i however analytical, nd was recon-
structed from the output of the optimization procedur . In
fact, slig tly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could b f und numerica ly for two-qutrit PPT states.
Moreover, using he SPD techniques of Ref. [28], an upp r
bound on the largest pos ible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
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It is well-known that entanglement distillability implies both non-
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[2] conjectured that nonlocality implies negativity under parti l
transpose and entanglement distillability; hence repres nted by th
dashed arrows. The main result of the present work is to sh w that
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tial transpose implies distillability, one the most important open
questions in entanglement theory. If this conjecture turns out to be
false, it would remain to be seen whether negativity under partial
transposition implies Bell nonlocality.
tures in quantum information theory. Solving this problem
is thus an important challenge as it would lead to a deeper
understanding of how different manifestations of the phe-
nomenon of entanglement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space dimension d = 3. The eigenvalues  i
and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are chosen such that the state % is invariant
under the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes the transposition operation
on the second subsystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, and therefore undistillable [11].
Nevertheless, the state % is entangled, hence bound en-
tangled, as it can lead to Bell inequality violation. To
prove this, we consider a Bell test with two distant ob-
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ments on the bound e tangled state %. The local measure-
ments operators, cting on C 3, are denote Ma|x for Alice
and Mb|y for Bob. The resultin statis ics is given by the
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p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decompositi of the form
(2), as they give rise to a viol tion of the Bell nequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound entangled stat can giv ris to nonlocality,
and thus disproves the Peres conjecture.
To d rive this result, we followed a num rical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
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tions of quantum entanglement. Bell nonlocality, negativity un-
der partial transposition, and entanglement distillability represent
three facets of the phenomenon of entanglement. Understanding
the connection between th se concepts is a longstanding problem.
It is well-known that entanglement distillability implies both non-
locality [9] and negativity under partial transposition [11]. Peres
[2] conjectured that nonlocality implies negativity under partial
transpose and entanglement distillability; hence represented by the
dashed arrows. The main result of the present work is to show that
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tures in quantum information theory. Solving this problem
is thus an important challenge as it would lead to a deeper
understanding of how different manifestations of the phe-
nomenon of entanglement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space dimension d = 3. The eigenvalues  i
and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are chosen such that the state % is invariant
under the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes the transposition operation
on the second subsystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, and therefore undistillable [11].
Nevertheless, the state % is entangled, hence bound en-
tangled, as it can lead to Bell inequality violation. To
prove this, we consider a Bell test with two distant ob-
servers, Alice and Bob. Alice chooses between three mea-
surem nt settings, x 2 {0, 1, 2}, and Bob mong two set-
tings, y 2 {0, 1}. Al ce’s settings yield a binary outcome,
a 2 {0, 1}. Bob’s first setting (y = 0) has a ternary out-
come, b 2 {0, 1, 2}, and his s cond setting (y = 1) has is
binary, b 2 {0, 1}. The experiment is thus characterized by
the joint probability distribution p(ab|xy). These statistics
can be reproduced by a l cal model if they admit a decom-
position f the form:
p(ab|xy) =
Z
d µ( )p(a|x )p(b|y ) (2)
where   represents the shared local variable distributed ac-
cording to the density µ( ). For the Bell test considered
here, all statistics of the above form sa isfy the Bell inequal-
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I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Hence a violation of the above inequality, i.e. I > 0, im-
plies the presence of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
ments operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound entangled state can give rise to nonlocality,
and thus disproves the Peres conjecture.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
structed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
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It is well-know that entanglement distillability implies b th non-
locality [9] and neg tivity under partial tra sposition [11]. Peres
[2] conjecture that nonlocality implies negativity under partial
tran pose and entangleme t distillability; hence rep esented by the
dashed arrows. The main result of the present work is to how that
this conjecture is false, as i dicated by the r d crosses. To com-
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questions in entanglement th ory. If t is conjecture turns out to be
false, it would remain to be seen whether negativity under partial
transposition implies Bell nonlocality.
tures in quantum inform tio theory. S lving this probl m
is thus an important challenge as it would lead to a dee er
u derstanding of how different manifestations of the phe-
nomenon of entanglement relate to each other (see Fig.1).
Here, disprove the original Peres conjecture. Specif-
ically, we present bipartite entangled state w ich is PPT,
hence bound entangled, but which can nevertheless violat
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space dimension d = 3. The eigenvalues  i
and e genvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are cho en such th t the stat % is invariant
under the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes th transposition operation
on the s cond subsystem. This ens res that th state % is
PPT, i.e. PT(%) ⌫ 0, and therefore u distillable [11].
Nev rtheless, the state % is entangled, hence bound en-
tangled, as it can lea to Bell in quality violation. To
prove this, we consider a Bell test with o distant ob-
servers, Alice and Bob. Alice chooses between three mea-
surement settings, x 2 {0, 1, 2}, and Bo mong two set-
tings, y 2 {0, 1}. Alice’s s tings yield a binary outcome,
a 2 {0, 1}. Bob’s first setting (y = 0) has a ternary out-
come, b 2 {0, 1, 2}, and his second setting (y = 1) has is
binary, b 2 {0, 1}. The experime t is thus characterized by
the joint probability distr bution p(ab|xy). These statistics
can be reproduced by a local model if they admit a deco -
p sit on of the form:
p(ab|xy) =
Z
d µ( )p(a|x )p(b|y ) (2)
whe e   repres nts the shared local variable distributed ac-
rding to the density µ( ). For the Bell test consid red
here, all statistics of the above form satisfy the Bell inequal-
ity [27]:
I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Hence a violation of the ab ve inequality, i.e. I > 0, im-
plies the presence f nonlocality. In particular, this can be
achieved by perf rming judiciou ly chosen local measure-
ments on the bound entangled state %. The local measure-
me ts operat s, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These tatistics do no admit dec mposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in he Methods section. This proves th t a
bipartite bound entangled state can give rise to nonlocality,
and thus disproves the Peres c njecture.
To derive this result, we followed a nume ical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the M thods sec on. The construc-
tion described above is however analytic l, a d was recon-
stru ed from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using th SPD techniques f Ref. [28], an upper
bound on t largest possible violation obtainable from PPT
states is her f und to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leavi the possibility open for a slightly higher vi lation
using PPT stat s of arbitr ry Hilbert spac dimensio .
Fina ly, the fact that a bound entangled state ca violate
a Bell inequality suggests potential applications in quantum
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der partial transposition, and entanglement distillability represent
three facets of the phenomenon of e tanglement. U derstandi g
the connection between th se concepts i a longstandi g problem.
It is well-known that entanglem n distillability implies bot on-
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tures in quantum information theory. Solving this problem
is thus an important challenge as it would lead to a deeper
understanding of how different anifestations of the phe-
nomenon of entanglement relate to each other (see Fig.1).
Here, we disprove the original Peres conjecture. Specif-
ically, we present a bipartite entangled state which is PPT,
hence bound entangled, but which can nevertheless violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space di ension d = 3. The eigenvalues  i
and eigenvectors | ii 2 C 3 ⌦ C 3 are given in the Methods
section. They are chosen such that the tate % is inv riant
under the partial transposition ap [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, where TB denotes the t ansposition operation
on the second subsystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, and therefore undistillable [11].
Nevertheless, the state % is entangled, hence bound en-
tangled, as it can lead to Bell inequality violation. To
prove this, we consider a Bell test with two distant ob-
servers, Alice and Bob. Alice chooses between three mea-
surement settings, x 2 {0, 1, 2}, and Bob among two set-
tings, y 2 {0, 1}. Ali e’s settings yield a binary outcome,
2 {0, 1}. Bob’s first etting (y = 0) has a ternary out-
come, b 2 {0, 1, 2}, and his second setting (y = 1) has is
binary, b 2 {0, 1}. The xperiment is thus characterized by
the joint probability distribution p(ab|xy). These statistics
can be reproduced by a local model if they admit a decom-
position of the form:
p(ab|xy) =
Z
d µ( )p(a|x ) (b|y ) (2)
where   represents the shared local variable distributed ac-
cording to the density µ( ). For the Bell test considered
here, all statistics of the above form satisfy the Bell inequal-
it [27]:
I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Henc a violation of the above inequality, i.e. I > 0, im-
lies he pres nce of nonlocality. In particular, this can be
achieved by performing judiciously chosen local measure-
ments on the bound entangled state %. The local measure-
me ts operators, acting on C 3, are denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probability distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), s hey give rise to a violation of the Bell inequality (3),
namely
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bip rtite b und entangled state can give rise to nonlocality,
and thus disproves the Peres conjecture.
To deriv this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Methods section. The construc-
tion described above is however analytical, and was recon-
stru ted from the output of the optimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [28], an upper
bound on the largest possible violation obtainable from PPT
states is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for a slightly higher violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potential applications in quantum
2
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FIG. 1: Relation between different fundamental manifesta-
tions of quantum entanglement. Bell nonlocality, ne ativity un-
der partial transposition, and entanglement distillability represent
three facets of the phenomenon of entanglement. Understanding
the connection between these concepts is a longstanding problem.
It is well-known that entanglement distillability impli s both non-
lo ality [9] and negativity under partial transposition [11]. Peres
[2] conjectured that nonlocality implies negativity under partial
transpose and entanglement distillability; hence represented by the
dashed arrows. The main result of the present work is to show that
this conjecture is false, as indicated by the red crosses. To com-
plete the diagram, it remains to be seen whether negativity of par-
tial transpose implies distillability, one the most importa t open
questions in entangle ent theory. If this conjecture turns out to be
false, it would remain to be seen whether negativity under partial
transposition implies Bell nonlocality.
tures in quantum information theory. Solving this problem
is thus an important challenge as it would lead to a deeper
nderstanding of how different manifestations of the phe-
nomeno of e tanglement relat to ach other (see Fig.1).
He , we disprove the original Peres conjecture. Specif-
ically, we present a bipartit entangled state which is PPT,
hence boun entangled, but which can neverthel ss violate
a Bell inequality (see Fig. 2). We consider an entangled
state of the form
% =
4X
i=1
 i| iih i| (1)
of local Hilbert space dimension d = 3. The eigenvalues  i
and igenvectors | ii 2 C 3 ⌦ C 3 are given i the Methods
section. They are chosen such t at the sta e % is invariant
und r the partial transposition map [12], i.e. PT(%) = (1⌦
TB)(%) = ⇢, wh re TB denotes the tran position peration
on the s cond sub ystem. This ensures that the state % is
PPT, i.e. PT(%) ⌫ 0, an ther fore undi tillable [11].
Nevertheless, the state % is entangled, hence bound en-
t ngled, as it can lead to Bell inequality iolation. To
prove this, w consider a Bell test with two distan ob-
s v rs, Alic and Bob. Alic cho ses betwee three me -
surement settings, x 2 {0, 1, 2}, and Bob among two set-
tings, y {0, 1}. Alice’s set ings yield a binary outcom ,
a 2 {0, 1}. Bob’s first setting (y = 0) has a ternary out-
co , b 2 {0, 1, 2}, and his second setting (y = 1) has is
binary, b 2 {0, 1}. The xperiment is thus characterized by
th jo t probability dist ibution p(ab|xy). These st tis ics
can e reproduced by a local odel if they adm t a d com-
position of the form:
p(ab|xy) =
Z
d µ( )p(a|x )p(b|y ) (2)
where   represent the shared local variable distributed ac-
cording to the density µ( ). For the Bell test consider d
here, all statis ics of the above form s tisfy the Bell inequal-
ity [27]:
I =  pA(0|2)  2pB(0|1)  p(01|00)  p(00|10)
+p(00|20) + p(01|20) + p(00|01) (3)
+p(00|11) + p(00|21)  0.
Hence a violation of the above inequality, i.e. I > 0, im-
plies the resence of nonlocality. In particular, this can be
achieved by perfo ming judiciously chosen local measure-
m nts on the bound entangled state %. The local me sur -
ments oper tors, acting on C 3, re denoted Ma|x for Alice
and Mb|y for Bob. The resulting statistics is given by the
probabi ity distribution
p(ab|xy) = Tr(%Ma|x ⌦Mb|y). (4)
These statistics do not admit a decomposition of the form
(2), as they give rise to a violation of the Bell inequality (3),
n m ly
I% ' 2.63144⇥ 10 4. (5)
Details are given in the Methods section. This proves that a
bipartite bound e tangled stat can give rise to nonlocality,
and thus disproves t Peres conj ure.
To derive this result, we followed a numerical optimiza-
tion method based on semi-definite programming (SDP)
[29], briefly outlined in the Metho s section. The construc-
tion describe above is howev r analytical, and was recon-
structed from the output of the ptimization procedure. In
fact, slightly higher Bell violations, up to IPPT = 2.6526⇥
10 4, could be found numerically for two-qutrit PPT states.
Mor over, using the SPD techniques of Ref. [28], an upper
bound n the largest possible violation obtainable from PPT
stat s is here found to be ImaxPPT < 4.8012 ⇥ 10 4, hence
leaving the possibility open for slightly high r violation
using PPT states of arbitrary Hilbert space dimension.
Finally, the fact that a bound entangled state can violate
a Bell inequality suggests potent a applications in quantum
FIG. 2: Building a counter-example to the Peres conjecture. In
order to disprove t e conjecture, we construct quantum state %
with the following properties: (1) % is positive under partial trans-
positi n (PPT), and (2) % is Bell nonlocal. Property (1) follows
here from the fact that % is invariant under partial transposition,
and implies that % cannot be distilled. Property (2) follows from
the fact that the statistics resulting from local measurements on %
violate a simple Bell inequality.
10−4, could be found numerically for two-qutrit PPT states.
Moreover, using the SPD techniques of Ref. [39], an upper
bound on the largest possible violati n obtainable from PPT
states is here found to be ImaxPPT < 4.8012 × 10−4, hence
leaving the possibility open for a slightly igher violati n
using PPT states of arbitrary Hilbert space dimensio .
Finally, it is worth pointing out that our re ul i plies
that th set of PPT tates viola ing Bell inequality (4) is
of non-zero measure. Although the Bell violation we ob-
serve is small, it is nevertheless finite. Hence it follows
that any state obtained by adding a sufficiently small (but
finite) amount of an arbitrary separable state to the bound
entangled state %, will also violate the Bell inequality. As
the set of separable states is of non-zero easure, the result
follows.
Randomness ce tification. The fact t at a bound entan-
gled state can violate a Bell inequality suggests potential
applications in quantum information processing, in partic-
ular in nonlocality-based tasks. Here we consider random-
ness expansion based on Bell nonlocality [34, 35], in which
true quantum randomness can be certified without relying
on a detailed knowledge about the functioning of the de-
vices used in the protocol. The security of the protocol is
therefore called ’ evice-independent’. Following the tech-
niques f Ref. [41, 42], we obtained l wer bounds on the
amount randomness that can b certified from the nonlo-
cal statistics. The rand mness is captured by the probability
of guessing the outcom of Bob’s (or Alice’s) measurement
pg(b|y). Note t at this gues ing probability is computed by
4Bell violation IPPT Hmin (y = 0) Hmin (y = 1)
2.6314× 10−4 4.2320× 10−4 3.6191× 10−4
2.6526× 10−4 4.2310× 10−4 3.6530× 10−4
TABLE I: Device-independent randomness certification using
bound entangled states. We describe here the randomness, as
quantified via the min-entropy Hmin (see main text), from the
statistics of the Bell experiment. The values represent lower
bounds on Hmin (obtained at the third level of the SDP hierarchy,
see [41, 42]) for the outcome of Bob’s measurements (y = 0, 1).
The first line corresponds to our analytical construction, while the
second line is for the statistics corresponding to the largest vio-
lation we found using a PPT state. Surprisingly, it turns out that
no randomness can be extracted from the outcome of Alice’s mea-
surements.
a maximization over all possible realizations that are com-
patible with the observed data p(ab|xy), see [41, 42] for
details. To quantify the randomness it is useful to consider
the min-entropy, Hmin = − log2 pg(b|y), which represents
the number of random bits that can be extracted per run of
the Bell test (using adequate post-processing) from Bob’s
measurement setting y. The results, summarized in Table
1, show that randomness can indeed be certified using a bi-
partite bound entangled state. Note that in practice, imple-
menting such a protocol would be extremely challenging,
as the Bell violation is very small, and hence very sensitive
to noise.
Finally, it would be interesting to see if bound entan-
glement is useful for other quantum information protocols
based on nonlocality. First, given its usefulness in quantum
key distribution (QKD) [43], it would be interesting to see if
bound entanglement could also be used to establish a secret
key in the context of device-independent QKD [44]. Sec-
ond, our bound entangled state could be useful in commu-
nication complexity, a task which is strongly connected to
quantum nonlocality. Using the techniques of Ref. [45] (see
also [46]), it should be possible to construct a communi-
cation complexity problem for which bound entanglement
helps reducing the amount of communication compared to
classical resources.
DISCUSSION
To summarize, we have shown that bipartite bound en-
tangled states can lead to Bell inequality violation, thus dis-
proving the long-standing conjecture of Peres. This rep-
resents significant progress in our understanding of the re-
lation between entanglement and Bell nonlocality, demon-
strating in particular that nonlocality does not imply non-
positivity under partial transposition or entanglement dis-
tillability (see Fig. 1). The main open question now is
whether all bound entangled state can give rise to Bell in-
equality violation, which would imply that entanglement
and nonlocality are basically equivalent. From a more ap-
plied perspective, we also showed that bound entanglement
can be useful in nonlocality-based quantum information
tasks, in particular device-independent randomness certifi-
cation.
METHODS
Numerical method. Consider a Bell inequality of the
form
I =
∑
a,b,x,y
cab|xyp(ab|xy) ≤ L (9)
with real coefficients cab|xy and local bound L. To find ef-
ficiently violations of such an inequality for PPT states of
local Hilbert space dimension d, we use the following SDP
procedure:
1. Generate randomly local measurement operators
Ma|x and Mb|y acting on C
d.
2. Construct the Bell operator:
B =
∑
a,b,x,y
cab|xyMa|x ⊗Mb|y. (10)
3. Maximize Tr(Bρ) subject to ρ  0, PT(ρ)  0,
Tr(ρ) = 1. This is an SDP, which returns an opti-
mal state ρ corresponding to the optimal Bell value
IQ = Tr(Bρ).
4. Optimize the measurement operators Ma|x for fixed
Mb|y and ρ (given in step 3). This is again an
SDP since IQ = Tr(Bρ) =
∑
a,x Tr(Ma|xFa|x),
where Fa|x =
∑
b,y cab|xyTrB(ρ1⊗Mb|y) are fixed
d × d matrices. Hence, we maximize IQ =∑
a,x Tr(Ma|xFa|x) subject to
∑
aMa|x = 1 for all
x and Ma|x  0 for all (a, x). Thereby, we obtain
Alice’s optimal measurement operators Ma|x.
5. Similarly, we obtain the optimal measurements for
Bob Mb|y , for fixed ρ and Ma|x.
6. Repeat steps 3-5 until convergence of the objective
value IQ.
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